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In the first paper of this series (Foot,  1919)  it was shown that the 
macrophages of the loose connective tissue of the rabbit are of endo- 
thelial origin, that they are not derived from the cells of the omentum, 
the  fibroblast,  or  the  lymphocyte, that  they  are  probably  chiefly 
produced by the proliferation of the vascular endothelium in the im- 
mediate vicinity of the lesion which calls them forth, and, lastly, that 
they do not appear to come from distant parts of the body by way of 
the  blood  stream,  as  has  been  suggested  by  some  authors.  The 
means  employed in  tracing them  to  their  source was  a  lampblack 
gelatin colloidal suspension, or sol, prepared according to the formula 
of McJu,k~n and injected intravenously; the agent used to call them 
forth was sterile melted agar injected subcutaneously. 
After studying the effect of so inert and simple an excitant as this, 
it is natural to turn one's attention to  the more  complex  conditions 
brought about  by microorganisms which are  known  or  believed to 
cause a  somewhat  similar  reaction, limited  chiefly to  the  endothe- 
lium, but  probably more variable  than  that  already  studied.  For 
this  purpose  the  reaction to  the  tubercle bacillus was  first  chosen; 
that to other organisms will be the subject of future study. 
There has been much dispute concerning the origin of the compo- 
nent cells of the tubercle for many years.  The epithelioid cell is said 
by some to be of endothelial origin, by others  of purely connective 
tissue or  fibroblastic  parentage, while a third  group  of investigators 
traces them to a lymphocytic source.  There are also some authorities 
who would  admit  epithelial  and  mesothelial  cells  to  this  category 
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of antecedent  cell,  feeling  that  the  tubercle  represents  no  one  cell 
group  alone,  but rather  a  composite  structure.  This  phase  of  the 
subject  i~  discussed  at  length  below.  For  the  present  we  must 
consider whether the question can be answered by means of intravital 
staining. 
The work of Goldmann, and Evans, Bowman, and Winternitz has shown it to 
be possible in  the case of the liver, where they have  demonstrated  that  the 
tubercles are formed by the proliferation of the Kupffer cells of the  sinusoidal 
endothelium, using benzidine dyes to stain these cells intravitally  and then pro- 
ducing tubercles by injecting tubercle bacilli directly into the portal system.  The 
tubercles  were  vitally  stained  in  every  case.  Oppenheimer obtained  similar 
results in 1908, using collargol as the coloring matter. 
It seems, therefore, that the origin of the tubercle from the endo- 
thelium  is  proved  in  the case of  the liver.  Kupffer cells,  however, 
take  up  benzidine  dyes  very well,  whereas  the  endothelium  of  the 
smaller capillaries elsewhere takes up little or none, so that it is neces- 
sary  to  choose  a  more  specifically  endothelial  vital  stain  before it 
can be decided whether the tubercles of other organs are also of endo- 
thelial origin.  It is the more important  to decide this question since 
Sewell,  using  vital  staining  methods,  has  recently claimed  that  the 
alveolar epithelium  is the  chief source of the  epithelioid  cells of the 
pulmonary  tubercle.  Intravenous  injections  of a  suspension of  car- 
bon, which must  be in  the  colloidal form, will,  as McJunkin  (1918, 
1919)  has shown, serve as a vital stain nearly, if not quite specific for 
the entire endothelium  of the smaller capillaries,  particularly  if they 
are subjected to inflammation  or injury.  It seems advisable,  there- 
fore, to produce tubercles in various parts of the body, and, by means 
of a  combination  of two or more of these vital stains,  to mark  the 
endothelial cell so as to trace it, if possible, to the lesions thus formed. 
Before describing the work which I  have done along these lines and 
the results obtained,  it would be well critically to consider the  spe- 
cificity  of  a  carbon  suspension  for  the  endothelium.  It was found 
that if 3 cc. of a  colloidal suspension of lampblack and gelatin,  or of 
equal parts  of Higgins'  water-proof India ink  and distilled water,  in 
which acacia replaces the gelatin,  are injected into the ear vein of a 
rabbit, the veins of the opposite ear become black in about 7 seconds; 
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until another injection is given.  If the animal is killed after 45 min- 
utes, the spleen, liver, and bone marrow are found to be almost black 
and  the  lungs  definitely sooty;  the  spleen  oozes  ink  on pressure. 
Microscopically the spleen shows  much carbon free in  the  sinuses, 
but comparatively little is intracellular; later it is found to be taken 
up by the pulp cells, and other endothelial cells.  The Kupffer cells 
of the liver are completely engorged with carbon after 45  minutes, 
their  stellate  processes  being  outlined  by  the particles of pigment. 
In the lungs many of the endothelial cells of the alveolar capillaries  are 
filled with  carbon and  are seen to migrate into  the  air  sacs.  The 
kidney may show some carbon in the endothelium of the glomerular 
tufts, but none in the epithelium.  A large percentage of mononuclear 
cells in the circulating blood contains the pigment, as may be demon- 
strated in films  or in  cross-sections of the larger vessels  in various 
organs.  A small amount of free pigment is found in the blood, but this 
disappears  after 24 hours.  McJunkin has found that the mononu- 
clear cells of the circulating blood require from ½ to 2 hours to become 
saturated with lampblack, and he has demonstrated that such cells 
will phagocytose carbon in large quantities in ~tro within an hour, 
both  in  the  case of animal  and human blood.  This  author states 
that, after injection subcutaneously, no carbon is taken up by the fixed 
cells of the connective tissue within 2 hours, a fact which he thinks 
would prove that  the phagocytic cells  are not of connective tissue 
origin. 
Experimental Subcutaneous  Tuberculosis. 
In order to test the validity of this seemingly sweeping claim and at 
the same time to study the earliest reactions to the tubercle bacilli 
when injected subcutaneously, three rabbits were thus injected with 
a  mixture of  tubercle bacilli  and Higgins'  ink,  diluted with  equal 
parts of distilled water, and the resulting lesions studied.  It will be 
seen that the experiment was so arranged as to give a very even series 
of reactions ranging from 1 to 30 hours.  In this way it is possible to 
follow not only the process of phagocytosis, but also the early reaction 
to the tubercle bacillus. 
Experimen~ /.--Three rabbits were  given injections at  hourly intervals  so 
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hours.  The  injections  were  made  into  the  subcutaneous  tissue  of  the  back, 
starting at  the nape of the neck and continuing  toward  the taft.  They were 
charted and the lesions numbered for identification. 
The amotmt injected  each time was 1 cc. of a mixture consisting of l0 cc. of 
normal salt solution,  two loops of a culture of bovine tubercle bacilli on glycerol 
agar, and ten drops of Higgins' ink.  This combination  makes a very even col- 
loidal  suspension  and gives results  perfectly analogous  to  those  obtained with 
lampblack  gelatin.  The  preparation  and  sterilization  of  the  latter  are  thus 
avoided, as there is enough camphor present to keep the ink sterile.  The bacilli 
were removed from the culture tube and rubbed up in a drop or two of the salt 
solution  with  a  fiat  platinum  spatula  until  a  cream  resulted.  Further  com- 
minution was obtained by bending  the spatula into a J  and spinning  it rapidly 
in the cream with the thumb and forefinger.  The resulting  "mixture" was then 
diluted up to 10 cc., the ink added,  and the whole was shaken  for ½ hour in a 
mechanical  shaker,  the agitation being repeated before each injection.  In  this 
way a reasonably good suspension of the bacilli was obtained.  After each animal 
had had nine  or ten injections  it was killed by forcing Zenker's fluid into the 
beating heart under an anesthetic,  a large syringe and needle being used for the 
purpose.  The animal was skinned, the lesions were dissected out and spread on 
paper,  and then each lesion was dropped into a separate bottle of Zenker's fluid 
and fixed for 12 hours. 
The material was embedded in paraffin and cut as thin as possible; it cut best 
when the sections  were made at right angles  to the fiat  surface  of the lesion; 
those  cut parallel  with  it were  found to be unsuitable  for very thin sections, 
but it was possible  to make fair preparations  of 10 to 15 microns in thickness, 
which  was  always  done.  They were  stained  by various  methods:  Mallory's 
eosin-methylene  blue, phosphotungstic  hematoxylin,  and connective  tissue stain; 
Van  Gieson's  connective tissue stain;  and various combinations  of hematoxylin 
and  earbolfuchsin. 
Lesions were  obtained chiefly in  the subcutaneous  tissues,  but  several  were 
made a trifle deeper into the muscle, and in one case a lymph node was included 
in the experimental  field, the injection  missing it by only a millimeter  or so. 
In describing the results of the experiment, no attempt will be made 
to itemize the lesions by hours, as it would be unnecessary.  An out- 
line of the changes noted will be given with ample indications of the 
time factors involved in each. 
Changes Found after I  to 7 Hours.--The first change wrought  at the 
site  of the injection is an extensive  destruction  of  the  subcutaneous 
tissue, which is forced apart and the cells of which are separated and 
badly  damaged  both  mechanically  and  by  the  action  of  the  large 
number  of  bacilli  introduced;  at  first  the  mechanical injury  pre- NATHAN  CHANDLER F00T  517 
dominates.  The ink is distributed in a clinging layer over the coarser 
fibers and on the surface of the cells present, and remains extracellular 
for a  time.  Within the 1st hour little if any of it is taken up by the 
macrophages and fibroblasts, but after 2 hours it can be found within 
the  cytoplasm and  surrounding the nuclei of both of these.  In the 
latter, however, it seems to be taken up in a finer form, and to a much 
less extent, as though these cells were incapable,  or  had  lost  their 
power of phagocytosing coarser particles;  in  the  macrophages it is 
in  a  coarser  form.  Polymorphonuclear leucocytes  appear in large 
numbers at  the end of 2  hours  and are found  throughout the suc- 
ceeding stages of the experiment.  It is noteworthy that one can find 
an  almost  immediate response  in  the  endothelium  of  the  smallest 
capillaries; at the end of 1 hour the cells of their walls are swollen and 
increased in numbers, in some cases almost blocking the lumina of the 
vessels.  Near these vessels are found a few migrating mononuclear cells 
of the type described in the first paper, ovoid cells with bean-shaped 
nuclei and fairly dense cytoplasm; after 5 hours they are not only mark- 
edly increased in  numbers, but they are actively phagocytic for the 
carbon  (Figs. 3 and 4).  Before 4 hours time they are relatively hard 
to find, except in the immediate vicinity of the vessels, which are never 
abundant in the sections; after 5 hours one has no difficulty in observ- 
ing  these  cells,  and  they are fairly evenly distributed  through  the 
sections.  It is  of significance that  they should be first found near 
vessels only.  The macrophages, or larger type  of these  wandering 
endothelial cells, now show definite degeneration, as do the fibroblasts. 
By  far  the  largest  number  of healthy cells  are  those which have 
migrated into the field of injury, most of the preexisting tissue cells 
having become necrotic or at least degenerated. 
Changes Found  after 8  to 30 Hours.--The  process continues up to 
about 8 hours, when it is noted that the small endothelial wandering 
cells begin to increase in  size  from 4.8  to  6.5  microns to  from 9.5 
to  16  microns.  They contain  carbon  and  the  eosinophil  granules 
of necrotic polymorphonuclears, as well as vacuoles.  Some are of irreg- 
ular, more or less globose shape, some are fusiform, others are stellate. 
At  this  time  cells  resembling  fibroblasts  begin to  be  conspicuous 
(Fig.  5)  whereas  heretofore  they have  been  an  almost  negligible 
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few mitotic  figures  can  be  found  in  them.  They usually  contain 
carbon in an evenly divided, rather fine form.  It is also noticeable 
that,  while the original fibroblasts  had very little  cytoplasm,  these 
later  fibroblasts  have  a  good deal.  It  is  very reticular  and  vacu- 
olated and usually stains black with Van Gieson's stain at tiffs stage. 
During the next few hours the small endothelial cells are not so 
noticeable; their place is taken by numbers of the larger type, which 
will  be  called macrophages for convenience.  These  average 6.5  to 
9.3 microns in diameter, but many are extremely large and swollen 
and measure 24 by 10 to 12 microns.  Such cells often contain whole 
polymorphonuclear leucocytes.  The  latter  are now becoming more 
and  more  degenerated in  appearance  and  are  clumping  to  form 
abscesses.  These abscesses, as will be shown later, persist for days. 
The macrophages show a  very slight tendency to clump in groups of 
three or four, and extended search reveals a  few polynucleated cells 
of tiffs type, young syncytia, or giant cells.  There is, however, no 
tendency to form what could be called a tubercle. 
Up  to  tiffs time the bacilli  found are  extracellular,  they are not 
being phagocytosed to any extent in the first 18 hours, but lie in small 
masses, surrounded by a palisade of polymorphonuclears which very 
occasionally take up one or two bacilli that are possibly dead.  The 
living organisms are hemmed in rather than phagocytosed. 
The 14 hour lesion included a small lymph node in its sphere of influ- 
ence.  Although but a millimeter or so distant from the injection of 
carbon and bacilli, the only change noted is a marked edema of the 
sinuses and reticular cells and a  certain activity of the germinal cen- 
ters and lymphoblasts in the nodules.  The marginal sinuses are dis- 
tended with fluid and contain many of the smaller wandering endo- 
thelial cells,  but  there is no trace of carbon anywhere in  the node. 
No tubercle bacilli can be demonstrated in its substance.  The retic- 
ular  cells  show  no  particular  activity,  but many mitoses  are to be 
found in the groups of endothelioid cells of the germinal centers, an 
observation which may be of interest to those who believe the reticu- 
lure to be the parent tissue of the macrophages or Iffstiocytes. 
The lymphocytes, which are small cells, are usually absent in prac- 
tically all the sections of the series; they were found in one lesion only, 
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generally near blood vessels and often surrounded by a delicate net- 
work of fibrin.  Were the tubercles formed from cells originating in 
lymphocytes, one would expect to find these ceils present in quanti- 
fies, which is far from being the case. 
During the  next 4  hours,  up  to  the  18th  hour,  little  change is 
noted; abscess formation is more marked, but otherwise the processes 
just  outlined continue.  The  activity of  the  vascular endothelium 
continues up  to  this  time and is  almost exclusively limited to  the 
smallest capillaries;  the vessels  which  have an  adventitia and well 
organized  muscular  walls  do  not  appear to  share  in  the  process, 
although the adventitial cells occasionally seem to do so. 
Sections made from the lesions  of the third animal, representing 
stages from the 19th to the 28th hour, fit into the scheme which we 
have been constructing, in log~cal sequence.  By 22  hours one finds 
that there has been a continued and marked increase in the number 
of large, fusiform cells resembling fibroblasts.  These are surrounded 
by delicate basketworks of fine collagen fibrils, best seen in the Van 
Gieson preparations; it is also not uncommon to find the fibrils running 
very closely over the cells  and sometimes through their cytoplasm. 
These cells do not, however, tend to have the tautly stretched appear- 
ance, with fanned out extremities, which is seen in the fibroblasts of rap- 
idly growing fibrous tissue.  There is a marked increase in the number 
of small endothelial wandering cells after the 22 hour lesion has been 
reached, and the increase is very noticeable up to the 30th hour, pos- 
sibly indicating a second wave of migration on the part of these cells. 
Although the preparation representing the 30th hour was made from 
the first rabbit of the series of three, and the ten preceding it from the 
third,  this section presents a  picture which dovetails perfectly into 
the scheme, showing  that the reaction does  not  differ materially in 
individuals of this species. 
Tubercle bacilli  are found at first in small clumps in the abscesses 
that form at about the ISth hour; definite phagocytosis by a number 
of endothelial wandering ceils is first noted after 27 hours,  some of 
these cells containing five or more bacilli without appearing to suffer 
materially thereby.  After 21 hours the bacilli are no longer limited to 
smallish clumps, but are scattered broadcast throughout the abscesses. 
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structive action on the part of the bacilli and their toxins, in addition 
to the mechanical destruction caused by the injection, and that this 
is followed by a reaction on the part of the neighboring tissues, whereby 
polymorphonuclear leucocytes migrate  and  the  endothelinm of  the 
smallest  capillaries  swells,  proliferates,  and  sends  out  migratory 
cells.  The  polymorphonuclears  surround  the  bacilli  and  form 
local abscesses;  the mononuclears take up  the carbon and later the 
bacilli, increase four or five diameters in size, and either wander about, 
or become involved in the formation of fibrils, or degenerate and die. 
They are actively phagocytic for the debris of the tissue  and  leuco- 
cytes, not only in their wandering phases,  but  also after they have 
become fusiform and apparently sessile. 
The experiment also demonstrates that the cells of the tissue which 
has been injected with a  mixture of ink and bacilli do not actively 
phagocytose the  carbon  contained in  the ink,  but  do  so  only to  a 
limited  degree  and  then  degenerate.  Most  of  the  phagocytosis is 
carried on by cells which wander in after 4  or 5 hours have elapsed. 
This bears out McJunkin's findings, but it would seem that he over- 
states  slightly when he  says  that  there is  no  phagocytosis on  the 
part  of  the  sessile  tissue  cells  within  2  hours.  It  would  appear, 
therefore, that one is justified in stating that, with the exception of 
the  polymorphonuclear leucocyte and  a  very  small  percentage  of 
original  fibroblasts  and  their  scanty  progeny,  practically  any  cell 
found to contain carbon particles, up to 30 hours after the intraven- 
ous  injection  of water-proof ink,  whether intravascularly  or  extra- 
vascularly situated,  must  be  considered as  of probable  endothelial 
origin.  The polymorphonuclears occasionally phagocytose the car- 
bon, but not so often as one would expect. 
In the foregoing description it was shown that there were very few 
fibroblasts left alive after the first 2 hours following the injection of 
the bacilli and ink,  and that cells closely resembling them began to 
be evident again after the migrating endothelial cells had begun to 
increase in size, about the 13th hour.  This is in spite of the fact that 
extremely few mitotic figures are to be found in the surviving fibro- 
blasts.  Whence do these new cells come?  The most logical supposi- 
tion is that they are derived from the wandering cells of endothelial 
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some  of  them  whole  leucocytes  or  their  eosinophil  granules.  Of 
course,  some may be produced by the proliferation of the surviving 
connective  tissue cells,  but  there  is  comparatively  little  evidence 
upon which to base such a  conclusion.  On the other hand,  we can 
see the small  endothelial  cell  leave the vessel, where the lining cells 
are  swollen and increased in numbers  (mitotic figures can be found 
in these after, some searching; they were observed more frequently in 
the case of some guinea pigs that were experimented upon); we can 
see them gradually becoming filled with carbon particles and increas- 
ing in ~ize (Fig.  1); we can demonstrate numbers of them in spindle- 
shaped phases,  many of them in stellate  or irregularly ameboid out- 
lines;  and  then  we  find  these "flbroblasts,"  filled with  carbon  and 
fitting perfectly into  the  transition  picture.  This  transformation is 
stressed here, because it must be more thoroughly worked out at some 
future  time.  Of  course,  the  cells were  stained  with  the  usual  con- 
nective tissue dyes before the conclusions just indicated were reached. 
The subcutaneous reactions to the tubercle bacillus were also studied 
from another angle, the bacilli being injected subcutaneously without 
any .pigmented  mixture.  Eight  rabbits  were  used  in  this  experi- 
ment, the ink being given intravenously and the stibcutaneous lesions 
produced  forming  a  graded  series,  as  in  the  first  experiment.  The 
animals were treated as follows: 
•xperiraent  2.--Each animal received three injections of 10 cc. of 1 per cent 
aqueous solution of trypan blue or red intraperitoneaUy,  at daily intervals, and 
then one injection every 3 days during the rest of the experiment.  One loop 
of stock culture of bovine tubercle bacilli was suspended  in 10 cc. of salt solu- 
tion as in the other experiments and 1 cc. injected under the skin of the back. 
In  two rabbits a few milligrams  of carmine rubrum optimum was mixed with 
the  suspension,  but  this  was  discontinued as  superfluous  in  the later experi- 
ments.  The injections were repeated at varying  'intervals,  in the case of the last 
four rabbits once a week, and spaced down the back so as to produce five or six 
graded lesions between neck and tail.  At first 2 to 3 cc. of Higgins' ink and dis- 
filled water, in equal parts, were injected intravenously every 3rd or 4th day, 
but the rabbit that survived the longest had the dose increased to 5 cc. for several 
doses prior to its death from epizootic pneumonia. 
Most of the rabbits were killed by injecting neutral 4 per cent formaldehyde 
into the beating heart, under anesthesia,  or were autopsied as soon after death 
as practicable, in which case  the formaldehyde was also  injected into the heart 
under pressure.  The tissues  were fixed in the same  fluid  and were placed in 522  ENDOTHELIAL  REACTIONS.  II 
Zenker's fluid after being sectioned in paraffin whenever this was necessary for the 
staining reactions.  The slides were incubated for 2 or 3 hours in Zenker's fluid 
at 62:C.  Paraffin sections were stained  with  Delafield's  hematoxylin with or 
without  carbolfuchsin, with Van  Gieson's stain  with  or without  carbolfuchsin, 
and with Mallory's connective tissue stain and his phosphotungstic acid hema- 
toxylin.  The fixation was admittedly not the proper one for the last two methods, 
but fair results were, nevertheless, obtained. 
In the first experiment  the changes that  took place in the first 30 
hours were observed; this one begins where the other left off and con- 
tinues up to 49 days.  In the first experiment  there was little or no 
evidence of true tubercle formation, at best a slight tendency to clump- 
ing was exhibited by the wandering  cells.  In the  series now  under 
discussion  the  reaction  was  found  to  be  invariably  the  same,  the 
formation  of  an  abscess  with  small  tubercles  scattered  around  its 
periphery.  These are engulfed in the advancing caseous abscess and 
new ones form  at  the  constantly  enlarging  border.  For this reason 
and  with  this  heavy  dosage  it  was  impossible to obtain  anything 
resembling the graded  series of the first experiment, or that in which 
agar was used as an  irritant.  On  the  5th day the  small peripheral 
tubercles begin to form and spread into the outlying tissue; any lesion 
older  than  this  merely  shows  the  same  condition  on  a  wider  scale. 
Thus we are limited to the study of these small tubercles, which are 
typical  and  range  from  submiliary  to  confluent  in  nature.  There 
is  no  appreciable  difference  to  be noted  in  the  lesions  from one  or 
another  animal  of the series, except for the variation in the amount 
of carbon and vital dye contained, which is readily explained  by the 
fact that some of the animals were killed soon after, others a  day or 
more  after  the  last injection  of ink  or dye.  Repeated injections  of 
tubercle bacilli seemed to cause no variation in the type of lesion pro- 
duced; the later ones differed in no respect from the earlier ones.  In 
two of the rabbits neighboring lymph nodes became infected through 
the lymphatics, and tiny tubercles, without much caseation, were pro- 
duced in them. 
The true tubercles, best studied after 2 weeks of development,  on 
account  of their  greater numbers, consist of large mononuclear cells, 
liberally  sprinkled  with  carbon  particles,  and  of  lymphocytes,  the 
latter  always free from  this pigment.  The  endothelium  of the  yes- NATHAN  CHANDLER ~OOT  523 
sels in the invaded tissue always shows plentiful carbon, in some cells 
sparsely scattered, in others so liberally distributed as to obscure the 
cell  anatomy.. Sometimes the  mononuclear cells are  found  free  in 
the lumina of these capillaries, containing varying amounts of carbon, 
but they are seldom found in the older preparations, in the circulating 
blood of the larger vessels.  So striking is the distribution of carbon 
in the tubercles that one can glance over a slide with a low power ob- 
jective and immediately locate the lesions by reason of their dusky 
color.  In one of the animals in which trypan.red was used, the tuber- 
des were not only dusted with carbon but were also stained brick-red. 
In giving a  detailed account of the relation of the coloring matter 
to  the cells it will be necessary to take up each substance in  turn. 
The carbon is found almost invariably in mononuclear cells; little is 
taken up by the polymorphonudears, although no citrate was com- 
bined with the injection.  These cells are found (a) free in the circu- 
lating blood near or in the lesions, (b) in the endothelium of the blood 
capillaries,  seldom in  that  of  the  lymphatics,  (c)  in  the  epithelioid 
cells forming the tubercles, where the carbon is usually in a fine, more 
or less separated form, although it may be found very liberally dis- 
tributed  as shown in  Fig.  2,  and  (d)  in the syncytia,  or giant ceils, 
formed by the fusion of these cells, as would be expected from what 
has already been deseribed  in  the experiments with  agar  injections. 
It would have been very difficult to trace the carbon from the ves- 
sels to the tubercles with only this experiment as a guide; fortunately 
the first experiment described above makes it clear that this substance 
is  taken up by  the cells composing the smallest capillaries and that 
these cells then migrate and congregate to form the tubercles.  The 
agar  experiment,  too,  makes  the  mechanism  dear.  It  is  probable 
that the cells of the capillary walls swell and proliferate in response to 
the action of the bacilli in the neighboring tissue and become more 
permeable  to  the  carbon,  or  more  sticky,  attracting  it  and  then 
taking it up.  Although it was not possible to find many mitotic fig- 
ures in the rabbit series, they were found with comparative ease in the 
endothelium of the smaller capillaries in infected guinea pigs which 
were studied during preliminary experiments, and  were easily found 
in the lungs of rabbits experimented on in a  subsequent series.  Car- 
bon is also present in cells containing fibrillae which stain with acid fuch- 524  ENDOTHELIAL  REACTIONS.  II 
sin  in  the Van  Gieson  stain  and  Mallory's connective tissue stain. 
A few of them show blue fibers with the latter stain. 
The trypan dyes are found in the usual sites, mononuclear phago- 
cytes, or macrophages, and connective tissue cells.  Trypan red is also 
occasionally taken up  by  the polymorphonuclears in  lesions  of the 
subcutaneous  tissue  and  lymph  nodes,  where  there  is  evidence  of 
stagnation in the circulation.  It is sparingly found in  the  capillary 
walls under like circumstances.  Unlike trypan blue it stains collagen 
fibers diffusely, and like that stain colors necrotic tissue in the same 
manner.  As the mononuclear cells containing it increase in size and 
take up more bacilli,  the dye granules tend to disappear,  the stain 
reappearing diffusely once necrosis has set in.  The acid used in dif- 
ferentiating the carbolfuchsin stain  (20  per cent nitric)  changes the 
trypan red to  a  dirty brown and tends to diffuse it  throughout the 
cell, but the granules can still be made out as brownish masses, while 
trypan blue is diffused, but unaltered in color. 
A  1 per cent solution of trypan red turns the same color in vitro 
if 20 per cent nitric acid is added; the original color is restored by neu- 
tralizing with ammonia.  Trypan blue is only slightly affected by the 
acid,  becoming a  little more reddish; the blue is more or less com- 
pletely restored by neutralization. 
In the cases in which powdered carmine is injected with the bacilli, 
it is found in the phagocytic cells and fills  them more or less com- 
pletely,  according to  their  size  and proximity to  the pigment;  the 
smaller endothelial wanderers contain a few granules, the larger forms 
may be quite filled with them.  Tubercle bacilli are found in these 
cells,  and one may find them containing granules of benzidine dye, 
bits of carmine, carbon particles, and bacilli at the same time. 
In this experiment, then, the findings of the first are confirmed in 
that  all  these substances  are phagocytosed by the same cell in  the 
infected areas and that this cell forms the tubercle and is, therefore, 
the epithelioid cell, and that it originates in the walls of the smallest 
capillaries  and is,  for  this  reason,  endothelial.  The more one  fol- 
lows out this line of investigation, the more impressed does one become 
with the fact that the endothelium of vessels whose walls are made up 
of several layers of cells and fibers seems to be more specialized and, 
perhaps for this reason, less affected by outside influences than the 
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That the lymphocytes play a  part  in  the formation of the tuber- 
cles is evident, but they appear relatively late, and it is doubtful that 
this r61e is a formative one; we are thrown back upon hypothesis, as 
far as they are concerned.  There is no evidence from these experi- 
ments  that  they  are  transformed into  the  much  larger  and  paler 
tuberculous epithelioid cell; they do not contain any of the colored 
substances used and it is difficult to find any intermediate stages that 
would fit them into such a transition picture.  Neither has the lymph- 
oid  tissue  proper  any  affinity  for  the  benzidine  dyes  or  carbon; 
it is  only the reticular cells that take them up.  This is true of both 
lymph nodes and spleen. 
In this, as in the first experiment, phagocytic cells are found which 
stain with the ink and also contain bacilli, while they are intimately 
connected with fibrils which take acid fuchsin intensely (Figs. 6 and 7). 
True collagen fibrils can be demonstrated in some of them.  Both in 
the case of the reticulum of the tubercle and the collagen fibers which 
surround the lesion, too dense an accumulation of delicate fibrill~e is 
found to warrant our considering all of them preexistent; they seem to 
be newly formed.  This is particularly evident in connection with the 
tubercles in the lymph nodes, where the fibrous reficulum is normally 
very scanty and delicate, and the fibers which we find seem to be too 
intimately connected with the carbon-bearing cells not to be in some 
way related to them.  These fibers stain darkly with phosphotungsfic 
acid  hematoxylin, blue  or  brownish  blue.  The  further  discussion 
of these fibrils  must be  relegated to  another paper,  for  the princi- 
ples involved are too far reaching to be taken up without  thorough 
investigation. 
The lesions in the lymph nodes are, in  every particular, similar to 
those studied in the subcutaneous  tissue  and  the  connective tissue 
of the muscles infected.  They are invariably perivascular, and the 
small  blood  vessels  in  or  near  them  show  the  same  proliferative 
changes in their walls.  The cells forming these vessels are indistin- 
guishable from those composing the tubercles; in fact the- lumen of the 
vessel becomes a  canal in a  mass of tissue composed of homologous 
cells, most of which show carbon in varying amounts.  Syncytia are 
abundant and usually show many carbon granules.  In the normal 
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lating in the blood  capillaries;  the  reticular  cells  do  not  ordinarily 
take up much of it unless included in the lesions. 
Comparing the findings of these experiments with those of the first 
one, in which agar was the exciting agent, we find that the reaction is 
essentially the same in its inceptive stages, but that it differs from the 
latter in that it is more than mechanically destructive, that it is pro- 
gressive,  and that the action of the exciting agent  (tubercle  bacilli) 
continuing over an indefinite period of time repeatedly frustrates the 
reparative process.  In this way, instead of a mass of simple syncytia 
and subsequent organization, there is only an attempt at their forma- 
tion,  which  is  then  terminated  by  the  destructive  activity  of  the 
bacilli, with resulting caseation.  Therefore,  whether  the bacilli  are 
intravascularly or extravascularly situated,  tuberculosis  is primarily 
a disease the lesion of which is formed by cells originating in the small- 
est branches of the vascular system; it will be shown in the next paper 
(Foot, 1920)  that this is also true in the case of experimental pulmon- 
ary lesions. 
General  Discussion of the Literature  on the Subject. 
The origin of the epithelioid cell has been, as already stated, a constant sub- 
ject of dispute; the standard text-books of pathology, published  in recent years, 
show that there is still no unanimity in regard to this point.  MacCallum gives a 
very good review of the various theories, in conclusion showing that he is definitely 
inclined to favor that of Maximow (1906, 1909, 1910), which traces  the epithe- 
lloid cell to the lymphocyte.  Adami and Nichols, and Mallory are in favor of their 
endothelial origin.  Askanazy and Lubarsch, writing for Aschoff's system, take the 
more conservative  stand that the connective  tissue,  vascular endothelium  and 
epithelium,  as well as the mesothelinm in some instances, are all responsible for 
these cells.  Delafield and Prudden believe that they have their source in  the 
endothelial  and connective  tissue cells.  One might continue to quote opinions 
quite as divergent. 
The literature on experimental  tuberculosis dates back to the early seventies 
and is rather voluminous; most of the important authorities will be found listed in 
the references at the end of this paper; for a  more complete bibliography  the 
reader is referred  to Kockel's article.  In the early history of the study of the 
origin  and histogenesis of the tubercle  two  opposing groups  are recognizable, 
the adherents of Baumgarten (see Kockel), who claimed  the cells of the fixed 
tissues  (including  the vascular endothelium)  as the parents of the epithelioid 
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nomenon, or migration of the mononuclears from the blood stream, with subse- 
quent proliferation of these cells in their new situation.  Curiously enough, the 
earliest observers in 1871 and 1873, were inclined  to consider the vascular endo- 
thelium  alone  responsible  for  these  cells;  with  time  technique  and  theories 
became more and more elaborate  and  this view-point was lost,  or rejected,  by 
most authorities.  Of late it has tended to come more and more into prominence. 
The weight of opinion seems to favor the endothelium and  fibrous connective 
tissue as the origin of the epithelioid cell, with  the epithelium  playing a  similar 
part in the case of the eye, lung, and kidney.  That the endothelial cell is its par- 
ent in the case of the liver is claimed and, it would seem, proved, by  Kockel, 
Miller, Oppenheimer, Goldmann, and  Evans, Bowman, and Winternitz.  Wata- 
nabe anti Sewell are of the opinion that  the alveolar epithelium of the lung may 
be the main source of the epithelioid cells of experimental pulmonary tubercles, 
while  Wechsberg believes  the  endothelium  to be  their  origin.  We  shall  have 
occasion to take this up in detail in the next paper,  so the subject will not be 
discussed further here.  Kostenitsch and Wolkow, who have worked on the eye, 
think that both the endothelium and the pigmented epithelium share in the proc- 
ess.  The  kidney  has  furnished enough evidence of epithelial  proliferation  for 
the same authors to allot a share in the formation of renal tubercles to the tubu- 
lar epithelium.  As to tubercles produced elsewhere in the body, one finds little 
theory based on experimental evidence. 
Theories  as  to  the formation of tuberculous  syncytia, or giant  cells  of  the 
Langerhans type, appear in almost every paper; Lambert's work on the foreign 
body syncytium in v/tro,  and Forbes' and my own, in connection with its pro- 
duction in response to injections of sterile agar, are probably applicable  to this 
cell in the tubercle.  There seems to be nothing particularly specific to tuber- 
culosis in its presence,  when its  appearance in the gumma and other forms of 
chronic inflammation are considered. 
The most interesting  confirmation of the findings of the  two sets of experi- 
ments described in this paper is to be found in the articles of Miller and Kockel. 
The former shows that the first reaction to the tubercle bacilli in the liver is an 
exudate  of polymorphonuclear  leucocytes,  which  surround  the  organisms  and 
arrange themselves in "little heaps."  He finds the bacilli phagocytosed for the 
first  time  100 hours after injection, considerably later  than when noted in the 
present  experiments.  He puts  the  first  appearance  of lymphocytes at  6  to 9 
days,  which  corresponds  accurately with  what  has  been  found in  the  case  of 
pulmonary lesions  (Foot,  1920)  so that he, too, would seem to rule these cells 
out of the earlier reaction. 
Kockel experimented  with injections of farina into  the portal vein and pro- 
duced pseudotubercles,  the  formation of which was analogous to  that  of true 
tubercles, except that whereas the pseudotubercles became vascularized in from 
3 to 4 days, the true tubercles showed no inclination to undergo a similar change. 
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tubercle  than in the true tubercle,  as is the case if reactions  to agar are compared 
with those  to tubercle  bacilli.  Necrosis was present in the tubercles  formed in 
response to the farina;  Kockel argues that this is due to stoppage of vessels, which 
he found to be thrombosed  in many cases, rather  than to the action of toxins, 
as one would suspect in the case of true tubercles.  Vissman, however, finds that 
dead  tubercle  bacilli, when  used  in  such  an  experiment,  while  they produce 
tubercles,  cause no caseation  thereof, a fact not in accord with Kockel's theory. 
Morse reported and demonstrated that tubercles,  apparently in every way simi- 
lar to those produced in the rabbit lung by injection of bacilli, could be formed in 
response  to  the injection  of waxes extracted  from dead cultures  of the bacilli. 
Not only were these  tubercles  cellular  structures,  but caseation  was also pres- 
ent and widespread.  This is  at  variance  with  the findings of Vissman.  The 
explanation  given by Morse is that the leucocytes  are hindered  in their phago- 
cytic activity by the presence of the wax. 
Kockel states in this  connection: 
From the peculiar behavior of the endothelium in the periportal granulation tissue 
and in the young intracapillary tubercles it may be assumed that caseafion is less likely 
the result of direct action of tubercle bacilli on the cells, than of the inhibition of the 
formation of new vessels and the obliteration of preformed vessels owing to the extreme 
proliferation of their endothelinm which is the result of this injurious action. 
He argues  that  the  endothelium  proliferates  in  tuberculosis,  as  it would  in 
any granulation tissue,  for the purpose of forming new vessels; but, owing to a 
stoppage in the flow of blood and the ~is a  tergo thereof,  this proliferation  takes 
the form of sheets or plugs of cells, which are then known as tubercles.  That 
this theory is largely  true is well shown in some of the slides which  have  been 
studied  in the present  work, particularly in the case of the lymph node infections 
in the second series of experiments;  that the absence of the vis a tergo of the c'rcu- 
lating blood plays as important a  part as he would ascribe  to it cann~ ~ be so 
readily accepted. 
As far as the theories of the different schools are concerned, we have 
already seen how much evidence there is in favor of the  endothelial 
origin of the  epithelioid  cell.  That  Metschnikoff's theory as  to  the 
exudate  of  mononuclears  from  the  blood  stream,  with  subsequent 
multiplication in situ,  is at least partially correct is evident when one 
considers  that  the  carbon-bearing endothelial  cells  are  found in  the 
lumina  of vessels in  the infected areas.  That  they come from very 
distant parts of the body seems unlikely in view of the fact that there 
is  such  marked  evidence  of  local  proliferation  of  the  endothelium; 
that they are free in the circulation remains undisputed; and that they 
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which left the vessels by the external route, must be admitted.  Mi- 
totic figures are easily found in the smaller endothelial cells after they 
reach  the  site  of  inflammation,  which  would  further  corroborate 
Metschnikoff's view,  although  it  cannot be  determined whether or 
not these cells were ever free in the circulation.  It seems probable 
that  Metschnikoff's  theory  is  correct,  if  taken  with  reservations; 
such cells as he refers to probably migrate in numbers much smaller 
than those of the vascular endothelial cells which leave the walls by 
the external route, and they probably come from the walls of capil- 
laries in  the proximity of the lesion,  rather than from so distant  a 
point as, for instance, the spleen or bone marrow.  There is little to 
indicate that they come from the lymph nodes, even in the immediate 
vicinity of the lesion. 
That the fibroblast is the parent of the epithelioid cell is not borne 
out by the evidence which is at hand,  although the reverse may be 
true of the fibroblasts which tend to wall off the lesion, as has been 
indicated.  As  to  the  lymphocyte, it  has  already been  stated that 
nothing has been found to show that it develops into the larger cell; 
it is present in the tubercle and therefore is a component thereof, just 
as is its derivative the plasma cell; but it appears too late to be con- 
sidered as a potential epithelioid cell.  This paper does not deal with 
the epithelium or the mesothelium; they will be considered as possible 
factors in  later  studies.  Part  of  the work  has  already been  com- 
plet¢:~ and it may be said in advance that the epithelial cell may be 
ruled' ~t  in  the  case of experimental pulmonary  tuberculosis  as  a 
potential epithelioid cell. 
SUMMARY. 
1." The epithelioid cell is of definitely endothelial origin. 
2.  The only reliable means of identifying and tracing this cell is, 
at the present time, a  colloidal suspension of carbon, injected intra- 
venously.  Benzidine dyes will not accomplish this if used alone. 
3.  There is  little  evidence that  the local  tissue  elements take an 
active part in the process of tubercle formation, until after the lesion 
is  formed; the reaction is,  in  a  sense,  exudative,  since the lesion is 
produced from cells which migrate to the site of inflammation. 530  ENDOTHELIAL REACTIONS.  II 
4.  The  lymphocyte  appears  late  and  is not  to  be  considered  as 
a  potential  epithelioid  cell;  its  presence  in  the  tubercles  is  as  yet 
unexplained. 
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EXPLANATION OF PLATES. 
PLATE 84. 
FIo. 1.  Semischematic camera lucida  drawing of carbon-containing endothe- 
lial cells from the exudate, to show their enlargement over a period of 24 hours. 
Cells a  to d are the earliest  type seen; e to g can be found after about 8 hours 
following  the  injection  of  bacilli  and  lampblack  suspension.  Cell  h  is  an 
extremely large form, seen in the latter part of the series of slides,  at about 24 or 
more hours after injection.  X  1,120. 
FIG. 2.  A  tubercle found in the second experiment, with an excessive amount 
of carbon particles.  42 days after injection.  Camera lucida drawing.  X  1,120. 
PLATE 85. 
FIG. 3.  Photomicrograph of endothelial leucocytes in early exudate.  X  about 
1,000. 
FIG. 4.  Similar cells in denser tissue.  X  1,000. 
FIo. 5.  Two fusiform types, one burrowing into the dense tissue, with  carbon 
particles in its curved "tail."  ×  about  1,000. 
PLATE 86. 
FxGs.  6  and  7.  From  tubercles  on the 48th  day after  injection.  Note  the 
distribution of carbon in both, of the reticulum in Fig. 6, and  of  the  bacilli in 
Fig. 7.  X about 800. THE JOURNAL OF EXPERIMENTAL MEDICINE VOL. XXXII.  PLATE 84. 
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